Interaction of cells with the extracellular matrix influences various aspects of cellular behavior. A recent study shows that cell-substrate adhesion is necessary for effective coupling of the small GTPase Rac to its effector PAK.
Most members of the Ras and Rho GTPase families cycle between the GDP-bound (inactive) state and GTP-bound (active) state. The nucleotide state of Rho family proteins is controlled by three classes of regulatory proteins [6] . Guanine nucleotide exchange factors (GEFs) catalyze the exchange of GDP for GTP. GTPase-activating proteins (GAPs) promote the intrinsic GTP hydrolysis by Rho GTPases, leading to their rapid conversion to the GDPbound state, whereas Rho guanine nucleotide dissociation inhibitors (RhoGDIs) preferentially bind to the GDPbound form of Rho proteins and prevent both spontaneous and GEF-catalyzed release of nucleotide. RhoGDIs therefore appear to maintain Rho proteins in the inactive state.
As is the case for Ras family members, Rho GTPases are post-translationally modified by attachment of an isoprenoid lipid group, which serves to anchor these GTPases to membrane compartments. RhoGDIs preferentially bind to lipid-modified Rho proteins, and inhibit their interaction with cellular membranes.
Adhesion control of Rac-PAK coupling
Growth-factor-induced activation of many signaling pathways is shut down upon detachment of cells from the extracellular matrix [7, 8] . Somewhat surprisingly then, del Pozo et al. [5] found that serum leads to a significant increase in the level of active Rac in suspended fibroblasts. Nucleotide exchange on Rac is thought to occur at the plasma membrane [9] . Activation of Rac in suspension conditions, however, does not seem to be accompanied by translocation of Rac to the plasma membrane, raising the possibility that GEFs may be able to interact productively with Rac in the cytosol.
The p21-activated kinase (PAK) family comprises the best characterized effectors of Rac and Cdc42 to date and is thought to mediate cytoskeletal reorganization and transcription downstream of these GTPases [10] . The kinase activity of PAK is strongly stimulated by binding to activated Rac or Cdc42, both in vitro and in vivo. PAK is also the main Rac effector for which changes in activity in response to physiological stimuli can be readily determined. del Pozo et al. [5] noted that, whereas the level of activated Rac in serum-stimulated cells in suspension reaches almost half of that in serum-stimulated attached cells, in suspension conditions this pool of activated Rac is unable to stimulate PAK activity, although serum strongly stimulates PAK in adherent cells. These results suggest that, in addition to increasing Rac-GTP levels, attachment to extracellular matrix also enhances the ability of activated Rac to stimulate PAK.
Earlier studies by Mayer and colleagues [11] had indicated that localization of PAK to the plasma membrane may have an important role in the activation of PAK in vivo. The adaptor protein Nck is a good candidate for mediating the interaction of PAK with the membrane [11] . Data obtained by del Pozo et al. [5] also support the notion that membrane localization is essential for PAK activation. This group showed that expression of a constitutively active mutant of Rac that lacks a membrane-targeting sequence fails to activate PAK in adherent cells. Moreover, low-level expression of an activated mutant of Rac that is constitutively targeted to the membrane -either via inclusion of a myristylation sequence or by fusion to a heterologous transmembrane domain -leads to high levels of activation of PAK in suspension cultures.
Models for the regulation of Rac-PAK coupling
It is intriguing that del Pozo et al. [5] observe only relatively minor increases in Rac activation and membrane translocation upon serum stimulation of adherent cells, but that these changes lead to strong enhancement of PAK activity. In addition, whereas attachment to the extracellular matrix causes a significant increase in PAK localization to the membrane, serum stimulation of adherent cells does not cause additional PAK translocation to the membrane. These results suggest that Rac membrane localization is the critical factor in serum-induced PAK activation.
One potential mechanism for the increased coupling of activated Rac to PAK is that in adherent cells serum induces translocation of Rac to a membrane microdomain. This process in turn could lead to an increase in the local concentration of Rac and concomitant stimulation of Rac-PAK complex formation [12] . In support of an important role for the targeting of Rac to the plasma membrane in the regulation of Rac signaling, del Pozo et al. found that recombinant constitutively active Rac present in the cytosol of suspension cells efficiently binds to membranes prepared from adherent cells, but not to membranes prepared from suspended cells. Rafts and caveoli, membrane domains that are rich in glycosphingolipids and cholesterol [13] , would be good candidates for membrane compartments that aid in the recruitment of Rac. This proposal is supported by recent data showing that platelet-derived growth factor stimulates redistribution of Rac to caveoli [14] . Thus, the increased binding of Rac to plasma membranes prepared from attached cells compared with membranes from suspension cells might be because rafts are absent from suspension cells (Figure 1 ).
The molecular mechanisms that regulate the binding of GTPases to membranes remain to be clarified. As mentioned earlier, RhoGDIs are thought to play a major role in the regulation of the GTPase-membrane interaction [15] . It would therefore be interesting to determine whether plasma membrane preparations from attached cells contain factors that stimulate the release of RhoGDI from Rac. A potential role for RhoGEFs in membrane targeting of Rac by adhesion should also be considered. Growth factors have been shown to induce the translocation of the exchange factors Vav2 and Tiam1 to the membrane compartment [16, 17] . The data obtained by del Pozo et al. [5] clearly show, however, that regulated membrane binding of Rac can occur independently of nucleotide exchange, so the role of RhoGEFs in membrane targeting of Rac remains to be clarified.
The GTPase ADP-ribosylation factor 6 (ARF6) has also been implicated in the regulation of Rac recruitment to the plasma membrane. ARF6 is thought to control endosome recycling to the plasma membrane [18] . Stimulation of cells with the G-protein-coupled receptor agonist bombesin has recently been shown to cause ARF6-dependent redistribution of ARF6-and Rac1-containing vesicles to the cell surface and concomitant lamellipodia formation [19] . Although the precise relationship between Rac and ARF6 remains controversial, this and similar observations [20] raise the possibility that ARF6 might also mediate adhesion-stimulated redistribution of Rac to the plasma membrane.
Implications for cell physiology
The modulation of Rac-controlled signaling pathways by cell-substrate adhesion, as highlighted by the work of del Pozo et al. [5] , may be important for a large number of physiological processes that are known to be affected by the interaction of cells with the extracellular matrix. This regulation could contribute to anchorage-dependent cell proliferation and may constitute a control element in angiogenesis, morphogenetic movements during development and other biological functions that involve directed cell movement. Further elucidation of this control mechanism may therefore shed new light on these events. It will be of interest to determine whether such a mechanism holds for the coupling of Rac to additional effectors and whether signaling pathways controlled by other Rho family members are modulated by adhesion signaling in a similar fashion.
